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© An optical . polarization meter measures completely the polarization of a light beam by splitting it into four 
beams, passing three of the beams through optical elements, measuring the transmitted intensity of all four 
beams by means of electronic sensors, and calculating the Stokes parameters from the results. One of the 
optical elements is a horizontal linear polarizer, the second is a linear polarizer with a polarization direction 
oriented at a 45 degree angle about the optic axis relative to the first, and the third element is a circular 
polarizer- The measurement of the fourth beam provides a normalizing factor proportional to the incident total 
intensity that enables one to determine ail four Stokes parameters, i.e. the complete state of polarization. This 
determination is done electronically. The input beam enters the device through a single-mode optical fiber that 
acts as a spatial filter which, together with other optical elements, controls the position and alignment of the 
beams through the device. 
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BACKGROUND OF THE INVENTION 

This invention pertains generally to the field of devices for measuring the polarization of a beam of lioht 
St beTm^' 3 ^ t0 d6ViCeS th3t ^ C3Pab,e ° f deteCti " 9 rap ' d Chan ^ *.Ji£L cS5 

tPvthlntf^'f 00 !' meth ° d for , measurina the Polarization of a light beam, described in many treatises and 

t° t - lT! P,ate ^ 3 " near P0,an ' Zer the 0ptiCal P ath - The wave P'^ ■ designed to 
capable o rotat.cn about the optic axis, and may be a quarter-wave plate typically, or a waveplaS of 
vanable th,ckness such as a Babinet or Soleil compensator. It is sometimes convenient to aZmakl the 

£SL?J?J r ° ta !?- A " ° PtiCal Se " SOr iS ' 0Cated d ° WnStream t0 measure the ^tensity of light 
transm tted by the waveplate and the polarizer. The waveplate is rotated to a plurality of angular positions 

Si«on S il r S relat,Ve t0 P0,ariZer> and the transmitted *** intens «y is ^easLd 7Z7e 
positons. In ens.ty measurements at a minimum of four different angular positions are required for a 

complete polar.zat.on determination. Using well-known methods the polarization of the light beam may be 

computed from these measurements. For example. United States Patent No. 4.306.809 (Azzam) describes a 

■22jT ng ° PtiCal e, T e ?I S th3t 3re r0tated automa «<*»y far determining the po.arizing propertfosof I 
material by measunng the Mueller matrix. Obviously this apparatus may also be used as a polarizaln 

a nH T .h S techn | qu f i as the obvious drawback it requires the mechanical movement of the waveplate 
T^iefor e T,h h measure ™nt «™ted by the speed with which the waveplate can be rotated.' 
Therefore such dev,ces are not effective for light beams in which the polarization varies faster than this 
tarmt The limitang frequency of polarization variation that can be measured in this way is in the kilohertz 
range at the current state of this technology. iwonenz 

A second technique, termed the "heterodyne method", for measuring optical polarizations is disclosed 

?ZT T 4>671 ' 657 (Ca ' Vani 6t 3l ) and European Pate " Applicat on No 87 ZVz 

££^i • * th,S i m ! th ° d the *** b6am iS Split into *» branches ™> «™ recombined downstream A 
hnear polanzer ,s .nserted >n one branch to produce a reference beam. The other branch passes through a 
frequency sh.ftmg dev.ee, typically an acousto-optic transducer, and the polarization of tne original beam 
71* u d6term ' ned bv . mea surin 9 ^ beat si 9 nals in ^e resulting light beam. The measurement frequency 
°m mST. iST 1 mited " in ms C3Se by the maximum acoustic frequency, generally less than 

izzu:^zzr racy of this device ' nke any interferometer - is susceptiwe to 

Nn a fift^rfT" 1 te ^ hni ^ that ^ercomes some of these limitations is disclosed in United States Patent 
pL™ , 1,450 <^f 2am > and the article ^titled "Construction. Calibration/and Testing of a Four-Detector 
Photopolanmeter". by R. M. A. Azzam et al. (Rev. Sci. Instruments 59(1). January 1988 pages 84-88) This 
dev.ee mcludes a series of four photodetectors serially located in the path oi the light beam being - 
measured. The beam successively strikes each of the first three detectors obliquely, and is partially 
specularly reflected The detector generates a signal proportiona. to the absorbed part of the beam energy 
nLS 3 ! substant,a,| y ™V abs °r°ed in the fourth detector. The signals generated by the four 
T T. USG o. t0 Ca ' CUlate the St ° keS P arame ^rs of the incident beam, which completely 
determmes rts polar.zat.on. S.nce this device does not involve any mechanical movement, clearly it does 
not have the frequency limitations of the previously described systems 

nhntlUlft 23 " 1 i eVi ° e T 6S h ° WeVer SUff6r fr ° m the drawbacks that'the polarizing effects at each of the 
photodetector surface reflect,ons are substantially wavelength-dependent, and the device must be calibrated 
by using four cal.brat.on light beams of different known polarizations. This calibration must be repeated for 
each different wavelength. Furthermore at least one of the calibration beams must not be linearly polarized; 
such beams are inconvenient to produce accurately. Calibration of the Azzam device is thus a formidable 

^^^^1^r d " *** PartiC ^ of 

4 1 5 ^nR e ,r e . l . eC HrTL C P0,ari2ati0n measurements is described in United States Patent No. 

1,2 1 n!,S° V 3PPara US ,S C,aimed t0 be SUitab,e for measurina 1,16 Polarization of nanosecond 
aSemh^ of ; ^ a " aSSemblv of six °P tical ***w positioned behind a corresponding 

assembly of s,x opt.cal polanzer elements. The light beam passes through all of the polarizer elements 
s.multaneous.y, and the transmitted light intensity from each element is detected and measld Ty Z 
corresponding photodetector. The electrical signa.s from the six detectors may be used to determine Z 
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Stokes parameters of the incident beam. 

The operation of the Collett device obviously depends critically on the position and alignment of the 
light beam relative to the optical elements and detectors; all the elements should be detecting the same 
beam. It is not clear from that disclosure how this alignment is to be achieved. 

5 

SUMMARY OF THE INVENTION 

The present invention measures completely the polarization of a light beam by splitting it into four 
beams, passing three of the beams through optical elements, and measuring the transmitted intensity of all 

w four beams by means of electronic .sensors. The Stokes parameters are calculated from the results of these 
measurements. One of the optical elements is a horizontal linear polarizer, the second is a linear polarizer 
with a polarization direction oriented at a 45 degree angle about the optic axis relative to the first, and the 
third element is a circular polarizer. The measurement of the fourth beam provides a normalizing factor 
proportional to the incident total intensity that enables one to determine ail four Stokes parameters. This 

75 determination is done electronically. The input beam enters the device through a single-mode optical fiber 
that acts as a spatial filter which, together with other optical elements, controls the position and alignment of 
the beams through the device. 

It is an object of this invention to provide an optical polarization meter that is capable of measuring 
completely the polarizations of rapidly varying optical signals. 

20 Another object is to provide a meter that will measure such polarizations over a substantial range of 
wavelengths. 

A further object of the invention is to provide a meter that is convenient to calibrate accurately. 
These and other objects, advantages, characteristics and features of this invention may be better 
understood by examining the following drawings together with the detailed description of the preferred 
25 embodiment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic diagram of the optical polarization meter disclosed herein, showing the optical 
30 path of the beam and the optical and electronic elements of the invention. 

Figure 2 is a schematic diagram in perspective view of an alternative version of the optical polarization 
meter showing the essential functional elements. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

35 

Referring to Figure 1, the incident light beam enters the device through a single-mode optical fiber 1, 
which is designed to provide spatial filtering of the beam according to well-known phenomena The beam 
proceeds into a beam splitter 2, which splits the beam into four separate beams as shown in the drawing. 
These four beams are then collimated by a lens 3, shown in the drawing as a single element The four 

40 beams are sufficiently separated to allow different optical elements to be placed in their path. In the drawing 
the beams are denoted by the letters "a M , M b'\ M c", and "d" for clarity. 

The beam labelled "b" passes through a linearly polarizing element 4 having a horizontal polarization 
axis. Beam "c" passes through a similar linear polarizer 5 having a polarization axis oriented at a 45 degree 
angle about the optic axis relative to the polarizer 4. Beam "d" passes through a quarter-wave plate 7, and 

45 then through a linearly polarizing element 6 that" is oriented in the same direction as polarizer 5; this 
combination is a circular polarizer. Finally, beam "a" has no polarizing elements. in its path. 

The four beams then are focused by the lens 8 into a four-detector array; each of the beams a - d is 
focused on its respective photodetector, 9 - 12, and substantially absorbed. Each detector generates an 
electrical signal that is proportional to trie intensity of the light absorbed by the detector. Thus in the 

so drawing,, detector 9 generates an electrical signal of amplitude T; detector 10 generates a signal H, detector 
1_[ generates a signal F, and detector 12 generates a signal C. ~~ 

The output signals of the detectors" 9 - 12 are transmitted to the ratiometers 13 - 15 as shown in the 
drawing. (Since this drawing is schematic, Ihe ratiometers are shown as individual eliments. In actual 
implementations of the invention, however, they may be inseparable components of other electronic devices 

55 such as a digital computer.) Signals T and H are transmitted to the ratiometer 13, which generates an 
output electrical signal of amplitude H/T. Similarly signals T and F are fed into" ratiometer 14 which 
produces the signal F/T, and signals T and C feed into ratiometer 15. generating C/T. These electronic 
components are not described here in further detail; they are well known in the art and may be constructed 
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according to methods that are understood by persons of reasonable skill 

»ho Pf tr amPKtUde f f eleCtriCa ' Si9n3lS P roduced b y the ratiometers 13 - 15 may be used to determine 

of JL 2Z Paramet6rS ° f ° ri9ina ' ' i9ht b93m - F ° r PUrp0Ses of this dli ^°" we refer to Z£SEZ 
? wlf? Param f ers set forth in well-known treatise entitled -Principles of Optics" by M Born and 

Sv? » r r» S, a 4 nH "f "° n: H° nd0n f 197 ° : Pa96S 30 " 32> - 7,1686 Param6ters - denoted by te 
symbols so , s, . s 2 , and "s 3 ", and specification of all 4 of these quantities completely determines the 

S5££ l . an2ati ° n h ° f lh a H9ht b6am - Th6 qU3ntity 80 iS Simp,y ^ ,otal li9ht in^SeTegri of 
polarization is given by the expression: . uc y'°« 


ro 


75 


/T"5 2 X" 1 

2p e reUon?' Si9na ' S ° f *" rati0m6terS and the s, '9 nal T « ^ *» the Stokes parameters by the 
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(2) s, = 2T 
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( T ~ 2 J ■» 
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sianlls h! m! parameters : s '"-; s a". ^d »s 3 " may therefore be determined from the ratiometer output 
signals by the above equations. Such calculations may be carried out automatically, either by analog or 

T, P " n n , any f ° rm d6Sir6d - Th6 6,6Ctronic com P° n ^s and circuits required to carry 

snidfiPd if! T f T * k r Wn t0 PerS ° nS Ski " ed h the art of the P resent inv ^«°". and need not be 
specified ,n further detail. Examples of this technology are described in the references discussed above 

th* nrlt ? m al '? nm ! nt and P° siti °ning problems inherent in the Azzam and Collett devices are solved in 
we,. tZnZ™ T L USm9 ° PtiCa ' sin 9' e - mode fiber to '"froduce the light beam into the meter. It is 
ZrmlTH 3 W T 3 ^ filter< S ° ** <he dir6Cti0n ^ distribution of *• 'coming light 
Z^iT^t^TZ V S t ° ^? at SUCh f,b6rS may become Wrefringement under mechanic*. 
thL lf a r 9 ' d th6r6by aff6Ct th6 P° ,arization «* ^e incident light beam and the accuracy of 

^ anv Zrr 6 ^ T en i ^ ° re th6 Pr ° P6r Ca ' ibrati0n 0f the P resent instru ™* ™* compensate 
for any polar.zat.on effects mduced by the fiber. This may be done in the following manner 

h P ™ ^ "f!" 9 e T 6CtS ° f th6 fib6 - may b6 9eneral,y written a s a 3 x 3 matrix denoted by the symbol [7] 

ooSin ;U f H H° e H ? ^r 96 ^ d69ree ° f P0,an ' 2ati0n - ^ inC0min 9 beam -ith unit degree o 

SSTSS,^? ? y 'i h T matfiX tPl Wi " be ,ranSf ° rmed int ° an output beam of Potion [p-] 
where both [p] and [p ] have 3 rows whose elements are the ratios: s,/s 0 . s 2 /s 0 and s 3 /s 0 The 

transformation may be written as a matrix product: 
(5) fP"l = [T] * [p] . 

and a knowledge of all the elements of the matrix [T] will determine the correction to be made. This may be 
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carried out by known methods. Since [T] is an orthonormal matrix, only 5 elements are independent and 
[T] has an inverse, which we denote by [T~ 1 ]. 

One can completely determine the matrix [T] by successively introducing two different beams of 
linearly polarized light and measuring the polarizations with this meter. The polarization directions of these 

5 two beams are preferably at an angle of 45 degrees relative to each other. If we assume the first beam is 
horizontally polarized, and the second beam is polarized at an angle of 45 degrees, then the polarization of 
the first beam emerging from the fiber may be written as a 3-row column matrix [H], and the emerging 
polarization of the second beam is the column matrix [F]. Column [H] and column [F] are in fact the first two 
columns of the matrix [T]. The third column of this matrix is the polarization of the emerging beam when the 

w incident beam is circularly polarized and it is completely determined by [H] and [F] ( since [T] is 
orthonormal. Therefore these two measurements determine the correction that must be made for the 
polarizing effects of the fiber. The desired state of polarization is obtained by multiplying the measured 
state of polarization by [T -1 ]: 

15 (6) [p] = [T~ 1 ] X [pleasured - 

The computation of this calibration correction may be carried out electronically and automatically by 
means of well known techniques, and are not specified further here. Clearly the calibration of the meter at 
20 different wavelengths is a simple and straightforward. matter. 

This polarization meter can operate in the range of wavelengths over which the input fiber 1 supports a 
single mode of propagation. For example, a standard long-haul telecommunications fiber manufactured by 
Corning Glass for 1.3 micron transmission can support a single propagation mode over the wavelength 
range of 1.2 - 1.6 microns. Since the meter has no moving parts, its measurement frequency is limited only 
25 to the frequency response of the photodetectors, which may easily exceed 1 GHz. It is simple and 
inexpensive to construct, and is especially suited for measurements of rapidly changing optical signals. 

It may be noted that while the collimating and focusing lenses are described here as single elements, 
clearly there could be a plurality of such lenses along with other optical transport elements. Indeed, these 
lenses could be replaced by equivalent elements, such as mirrors, without affecting the essential features of 
30 the invention. 

Furthermore, these optical elements could be combined with other elements in various ways while 
maintaining the integrity of the underlying invention. For example, Figure 2 shows an alternative embodi- 
ment of this invention in which the beam splitter 2 and lenses 3, 8 are replaced by a focusing concave 
mirror sectioned into independently movable quadFants, 16, 17, 78.~and 19. Each quadrant is adjusted to 

35 focus the portion of the light beam impinging on it onto the corresponding detectors 9-12 through the 
optical elements 4-7. The adjustment mechanism for the quadrant mirror sections is~~not~ihown in this 
schematic sketch,~since it can be designed easily by persons of reasonable skill in this art. The efficiency 
and accuracy of this version of the invention, as well as the previously described embodiment, are 
enhanced by the spatial filtering function of the single-mode optical fiber 1, which ensures that the light is 

40 evenly distributed among the detection quadrants. 

The foregoing description of the invention has been presented for purposes of illustration and 
description. It is not intended to be exhaustive or to limit the invention to the precise form disclosed, and 
obviously many modifications and variations are possible in light of the above teaching. The embodiment is 
chosen and described in order to best explain the principles of the invention and its practical applications to 

45 thereby enable others skilled in the art to best utilize the invention in various embodiments and with various 
modifications as are suitable to the particular use contemplated. It is intended that the spirit and scope of 
the invention are to be defined by reference to the claims appended hereto. 

Claims 

50 

1. A meter for measuring the polarization of a beam of light, comprising: 

(a) means for splitting said beam of light into a plurality of partial beams, and such that the number 
of said partial beams is not less than four; 

(b) a plurality of optical elements located in the path of three of said partial beams, such that the 
55 light transmitted through said optical elements in each of said partial beams has unit degree of 

polarization; 

(c) a plurality of optical detectors, each of said detectors being in the path of one of said partial 
beams, such that said detectors measure the intensity of the light transmitted in said partial beam; 
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and 

(d) means for computing the polarization of said beam of light from said measurements of the 
transmitted intensity of said partial beams. 

2- A meter as recited in claim 1, further comprising an optical spatial filter through which said beam of 
light passes and enters said meter, such that the intensity distribution of the light entering is 
substantially uniform about the axis of said beam. 

a A meter as recited in claim 2, wherein said spatial filter comprises a single-mode optical fiber. 

4. A meter as recited in one of claim 1 to 3, such that the light transmitted through said optical elements 
in one of said partial beams is linearly polarized, the light transmitted through said optical elements in a 
second of said partial beams is linearly polarized in a direction rotated substantially 45 degrees about 
the optic axis relative to the" polarization direction of said first partial beam, and the light transmitted 
through said optical elements in the third of said partial beams is substantially circularly polarized. 

5. A meter as recited in one of claims 1 to 4, further comprising means for focusing sad partial beams 
through said optical elements and onto said detectors. 

6. A meter as recited in one of claims 1 to 5. wherein said means for computing said polarization 
comprises electronic components that calculate and display the Stokes parameters of said polarization. 

7. A method for determining the polarization of a beam of light, comprising the steps of: 

(a) splitting said beam into four partial beams; 

(b) linearly polarizing one of said beams; 

(c) linearly polarizing a second of said beams in a direction having an angle of 46 degrees relative to 
the polarization direction of said first beam; 

(d) circularly polarizing a third of said beams; 

(e) measuring the intensity of each of the resulting four partial beams; 

(f) dividing said intensity of each of the resulting polarized partial beams by the intensity of the 
fourth partial beam; and 

(g) calculating the Stokes parameters of the original light beam from the quotients thereby obtained 
in the preceding step. 
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